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Tetrakis(diisopropyl amide) substituted norbornadiene and quadricyclane derivatives were investigated
for their extraction and transport capabilities with alkaline earth metal cations. Both amides exhibited a
remarkably high preference of Ba2+ over any other alkali metal or alkaline earth cation. The binding
geometries were determined by quantum chemical DFT calculations.
Introduction
The complexation and selective transport of alkaline earth metal
cations in general and Ba2+ in particular have been thoroughly
investigated for a long time. Important applications for Ba2+
extraction include the puriﬁcation of spent nuclear fuel1 as well
as sulfur analytics.2 Various binding domains have been success-
fully established, e.g. calixarenes,3–5 cyclic oligopeptides6 or
substituted crown ethers.7 Especially the use of the lipophilic
dicarbollyl-cobaltate anion in combination with a wide variety of
donor ligands was extensively studied by Makrlík et al.8,9
Over the past two decades we have been investigating the
well-established norbornadiene-quadricyclane system regarding
the feasibility of active ion transport through artiﬁcial lipophilic
membranes.10–13 The light induced [2 + 2]-cycloaddition or
cycloreversion results in a change of the size of the ligand’s
cavity, which subsequently affects the complexation properties
for metal ions. We synthesized a wide variety of symetrically
four-fold-substituted norbornadiene and quadricyclane deriva-
tives. Esters, polyethers as well as amides were considered as
suitable binding domains mainly for alkali metal cations.14
The tetrakis(diisopropyl amide) substituted isomers 1 and 2
proved to be the most promising candidates in terms of active
ion transport.15 The amides 1 and 2 showed remarkably differing
association constants for Li+, Na+ and K+ and were successfully
tested in passive transport experiments (Scheme 1).
Alkaline earth ion complexation
To widen the scope of the amide substituted norbornadiene-
quadricyclane carriers, the complexation and passive transport
properties of the amides 1 and 2 were studied using alkaline
earth metals as central ions. To facilitate the understanding of the
complexation mechanism, the system was further investigated by
DFT calculations.
Results and discussion
The substances 1 and 2 were synthesized according to our pre-
viously published procedure.15 To determine the extraction con-
stants (see eqn (1) and (2)), we used CRAM’s picrate extraction
method using chloroform as the organic solvent.16,17
MnþðaqÞ þ n AðaqÞ þ LðorgÞ  ! LMAnðorgÞ ð1Þ
Kex ¼ cðLMAnÞorg cðMnþÞaq1 cðAÞaqn cðLÞorg1 ð2Þ
The experimental results for both isomers are summarized in
Table 1, assuming 1 : 1 stoichiometry and including the pre-
viously determined extraction constants for alkali metal cations.
Both carriers exhibit a remarkably high extraction constant
with Ba2+. The fact that the extraction constant for Ba2+ is more
than 20 times higher than for any other investigated alkaline
earth and more than 300 times higher than for any alkali metal
cation is particularly noteworthy. In comparison with numerous
examples of ligands with high extraction constants for
Ba2+,3,18–24 the performance of the amides 1 and 2 is well above
the average. A future application as Ba2+ selective receptors
looks promising. In contrast, the selectivity between norborna-
diene and quadricyclane reaches a maximum for Mg2+ and Cs+.
A possible explanation for the outstanding extraction of Ba2+
Scheme 1 The diisopropyl substituted norbornadiene 1 and the corre-
sponding quadricyclane 2 are photoswitchable cation carriers.
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could be the exclusive formation of a 2 : 1 complex due to the
larger ionic radius. To clarify the binding situation, we carried
out quantum chemical calculations.
Transport rates
The performance of the amides 1 and 2 in passive transport
experiments was investigated using a supported liquid membrane
setup as ﬁrst described by Reinhoudt et al.25 2-Nitrophenyl octyl
ether (NPOE) was used as the membrane phase with a micro-
porous polypropylene foil as support.
The ion ﬂow was continuously monitored by conductivity
measurements in the acceptor phase over a period of 48 h. The
following Tables 2 and 3 show the averaged ion ﬂow J48 as well
as the values averaged over the ﬁrst and second half of the dur-
ation (J24A and J24B, respectively). Table 4 shows the ion ﬂows
obtained in blind experiments without any carrier in the
membrane.
The results of the transport experiments are consistent with
the extraction experiments. In all cases, the ion ﬂows of the nor-
bornadiene amide 1 are signiﬁcantly higher than those of the
corresponding quadricyclane 2. As expected, the Ba2+ ion ﬂow
exceeds any other observed ion ﬂow by a factor of about 10.
Beyond that, no signiﬁcant decrease of the ion ﬂows for Ba2+
and Sr2+ was observed during the experiments. Moreover, in
accordance to the extraction constants, the selectivity towards
Ba2+ between the norbornadiene 1 and the quadricyclane 2 is
not very pronounced.
In contrast to the extraction experiments, no signiﬁcant trans-
port of Mg2+ and Ca2+ by the quadricyclane 2 could be detected.
This fact gives rise to a comparatively high transport selectivity
between isomers 1 and 2 for these two cations. The ion ﬂow of
Mg2+ with norbornadiene 1 is about 25 times higher than with
quadricyclane 2, which could prove useful in possible future
studies towards active ion transport.
Quantum chemical calculations
X-Ray crystal structures have shown that the norbornadiene
amide 1 binds the central cation in a distorted quadratic pyrami-
dal environment using the carbonyl oxygen atoms and the coun-
terion as donors.15 To further elucidate the binding geometry, we
conducted quantum chemical calculations of both 1 : 1 and 2 : 1
complexes on a DFT level of theory. The example structures of
the 1 : 1 complexes of the norbornadiene amide 1 with Mg2+ and
Ba2+ as well as the 2 : 1 complex with Ba2+ are shown in Fig. 1.
The comparison of the 1 : 1 complexes with Mg2+ and Ba2+
suggests the feasibility of a 2 : 1 complex with Ba2+, but not
with Mg2+.
Geometry optimizations in vacuo were carried out to deter-
mine the binding situation of various cations in the cavity of the
ion carriers 1 and 2. The calculation of complexation energies
proved difﬁcult as the solvation of both carrier and cation must
not be neglected. Thus, we limited our focus on the differences
in heat of formation for the investigated cations. For the 1 : 1
complexes, the distance of the central cation from the hypotheti-
cal plane deﬁned by the four carbonyl oxygen atoms as well as
the bond distances between the cation and the oxygen atoms
were of particular interest. The results are shown in Table 5.
As expected, the distance of the central metal cation from the
oxygen plane increases with the size of the cation. The central
cation’s distance from the oxygen plane in the quadricyclane 2 is
always considerably larger than in the corresponding norborna-
diene 1 while the bond lengths are almost identical. The increase
in bond length corresponds with the growing metal cation radii.
These observations imply a rigid carrier backbone with only
little ability to adapt to the size of a complexated cation. Further-
more, the distance from the oxygen plane is always higher for
Table 1 Extraction constants between water and chloroform of the
diisopropyl amide substituted carriers with alkaline earth as well as
alkali metal cations,15 assuming 1 : 1 stoichiometry
Iona Kex (1)
b Kex (2)
b
Mg2+ 18.8 ± 2.1 6.3 ± 1.0
Ca2+ 340.4 ± 28.2 149.8 ± 10.5
Sr2+ 308.7 ± 26.9 190.6 ± 22.5
Ba2+ 8566.5 ± 405.2 6142.1 ± 572.7
Li+ 14.1 ± 0.4 13.9 ± 0.5
Na+ 23.3 ± 1.1 8.6 ± 0.3
K+ 6.2 ± 0.2 5.1 ± 0.3
Cs+ 18.5 ± 0.5 6.9 ± 0.3
a The corresponding picrates were used. b [L2 mol−2].
Table 2 Transport rates of the diisopropyl amide substituted
norbornadiene 1 with alkaline earth ions
Ion J48
a J24A
a J24B
a
Mg2+ 1.33×10−8 1.54×10−8 1.12×10−8
Ca2+ 1.44×10−8 1.45×10−8 1.43×10−8
Sr2+ 1.53×10−8 1.59×10−8 1.47×10−8
Ba2+ 2.24×10−7 2.34×10−7 2.14×10−7
aAll transport rates in mol m−2 s−1.
Table 3 Transport rates of the diisopropyl amide substituted
quadricyclane 2 with alkaline earth ions
Ion J48
a J24A
a J24B
a
Mg2+ 5.11 × 10−10 6.69 × 10−10 3.53 × 10−10
Ca2+ 1.14 × 10−9 1.29 × 10−9 9.81 × 10−10
Sr2+ 5.56 × 10−9 5.56 × 10−9 5.56 × 10−9
Ba2+ 5.43 × 10−8 5.38 × 10−8 5.47 × 10−8
aAll transport rates in mol m−2 s−1
Table 4 Transport rates of alkaline earth ions without any carrier
Ion J48h
a J24A
a J24B
a
Mg2+ 1.33 × 10−9 1.45 × 10−9 1.21 × 10−9
Ca2+ 9.33 × 10−10 7.85 × 10−10 1.08 × 10−9
Sr2+ 4.33 × 10−10 4.72 × 10−10 3.93 × 10−10
Ba2+ 5.93 × 10−10 8.08 × 10−10 3.77 × 10−10
aAll transport rates in mol m−2 s−1
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the quadricyclane 2, indicating a smaller cavity size which
cannot accommodate the cation as well as the larger cavity of
norbornadiene 1.
The calculation of the 2 : 1 complexes of the amide 1 resulted
in stable minima only for Ca2+, Sr2+ and Ba2+. The binding of
an additional ligand to the 1 : 1 Sr2+ complex is 1.94 kcal mol−1
less exothermic than for Ba2+. For Ca2+ the difference is even
larger at 16.59 kcal mol−1. Considering hydration enthalpies
decline with increasing cation radii, the difference in complex
formation enthalpies will be even more pronounced in aqueous
solution.
Conclusions
The tetrakis(diisopropyl amide) substituted norbornadiene and
quadricyclane derivatives 1 and 2 proved to be outstandingly
selective ligands towards Ba2+. The extraction constants between
water and chloroform are more than 20 times higher for Ba2+
than for any other alkaline earth ion and more than 300 times
higher than for any investigated alkali metal ion. The perform-
ance of the amides 1 and 2 in passive transport experiments was
equally impressive, also showing high selectivity towards Ba2+.
The results of the DFT calculations suggest that the formation of
a 2 : 1 complex may be responsible.
Experimental
Preparation of the solutions for the extraction experiments
The picrate solutions needed for extraction were prepared by
dissolution of dry picric acid in 0.01 M alkaline earth metal
hydroxide solutions. The pH value after complete dissolution of
the picric acid was determined to be pH 7.0 ± 0.1. The 0.01 M
ligand solutions were prepared by dissolving the ligands in
chloroform. Pure chloroform was used to perform the blank
tests.
General procedure for performing the extraction experiments
For the extraction experiments 4 mL of each the ligand solution
and the picrate solution were ﬁlled in a 10 mL screw-cap glass.
The cap was closed and the glass was shaken for 2 min at room
temperature using a Heidolph Reax 2000 shaking machine.
For the determination of the association constant the experiment
was repeated four times with identical samples and the mean
value was formed. After separation of the phases the organic
layer was sucked off with a pipette and ﬁltered through glass
wool. The ﬁltrate was investigated using UV-Vis spectroscopy.
The thickness of the quartz cell was 1 cm. For the blank test an
identical sample was prepared that contained deionized water
instead of the picrate solution. The concentration of the picrate in
the organic phase was calculated using Lambert–Beer’s law.
General procedure for performing the transport experiments
The transport experiments were carried out at room temperature
(25 °C) in a quartz apparatus with an exchange area of
8.5 × 10−4 m2. The aqueous donor phase consisted of 23 mL of
0.15 M alkaline earth nitrate solution while 23 mL HPLC grade
water (Fluka) was used as the acceptor phase. Both phases were
continuously stirred. A microporous Accurel® PP membrane
(Akzo Nobel, thickness: 92.5 ± 17.5 μm) was used as support
for the liquid membrane consisting of 15 mg of the carrier in
285 mg of NPOE. The conductivity in the acceptor phase was
monitored using a WTW LF-340A conductometer equipped
with a cell for pure water (type 325/01).
Quantum chemical calculations
Density functional theory calculations were carried out using the
B3LYP/SDD method.27–29 All reported structures were veriﬁed
as minima by frequency calculations. The Gaussian 09 software
was used for all calculations.30
Fig. 1 Calculated geometries of the 1 : 1 complex of norbornadiene 1
with Mg2+ (upper left side) and Ba2+ (upper right side) and the 2 : 1
complex of 1 with Ba2+ (bottom center).
Table 5 Distance between the plane deﬁned by the four carbonyl
oxygen atoms and the metal ion (dplane) and average bond length
between oxygen and metal ion (dbond) for the calculated 1 : 1 complexes
Cation (radiusa,b)26
Norbornadiene 1 Quadricyclane 2
dplane
b dbond
b dplane
b dbond
b
Na+ (1.02) 0.72 2.34 0.87 2.31
Mg2+ (0.72) 0.42 2.03 0.53 2.03
Ca2+ (1.00) 0.81 2.27 0.95 2.26
Sr2+ (1.18) 1.05 2.43 1.19 2.41
Ba2+ (1.35) 1.29 2.58 1.41 2.56
a 6-Fold coordination. bAll radii and distances in Å.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 7037–7040 | 7039
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